In this study, we compare the performance of SOFC having composite Cu-based anodes but made with the following low-temperature electrolytes: samaria-doped ceria (SDC), Sr-and Mg-doped lanthanum gallate (LSGM), and scandia-stabilized zirconia (ScSZ). Performance (V-I) curves and impedance spectra were measured using H 2 and n-butane fuels at 973 K. The results suggest that the use of electrolyte materials with higher ionic conductivity can lead to improved anodes for direct-utilization SOFC, although the performance of each of the cells in n-butane appears to be at least partially limited by the electrochemical oxidation reaction.
Introduction
Solid oxide fuel cells (SOFCs) have the ability to provide electrical energy with high efficiency and low environmental impact (1) . However, the high operating temperatures (> 1073 K) that are required for conventional SOFCs based on yttriastabilized zirconia (YSZ) require the use of expensive materials and lead to significant problems with seals and interconnects. The development of intermediate-temperature
SOFCs could extend cell lifetimes, make it possible to use inexpensive metal components as interconnects, and reduce fabrication costs. Among alternative electrolyte materials, several of the most promising are samaria doped ceria (SDC), Sr-and Mg-doped lanthanum gallate (LSGM), and scandia-stabilized zirconia (ScSZ). High performance SOFCs have been prepared with each of these electrolytes using Ni-based anodes and H 2 as the fuel (2-7).
However, Ni-based anodes have severe fuel limitations, especially at lower temperatures. First, the equilibrium constant for steam reforming is unfavorable at temperatures below ~973 K, requiring higher steam contents in the feed. Even more significant, Ni catalyzes the formation of carbon fibers when exposed to dry hydrocarbons, causing rapid deactivation. The formation of Ni carbides can even cause the cell to fracture. Obviously, there would be advantages to replacing Ni with a material that would be stable in the presence of a wide range of fuels. Ideally, the ability to use hydrocarbons directly, without reforming, could greatly simplify the overall fuel-cell system.
It has recently been demonstrated that it is possible to directly utilize a wide variety of hydrocarbon fuels, including liquids such as diesel (8, 9) , when Ni is replaced with Cu in the SOFC anode. Cu is a poor catalyst for making and breaking C-C bonds, so that it does not promote graphite formation. It appears that Cu serves primarily as an electronic conductor in the anodes and that an additional oxidation catalyst must be added in order to achieve reasonable performance (10) . In most of the work from our laboratory, that oxidation catalyst has been ceria (8, 11) , so that the anode for a YSZ electrolyte is a composite of Cu (for electronic conductivity), ceria (for oxidation activity and possibly mixed conductivity), and YSZ (for ionic conductivity).
Although the direct utilization of hydrocarbons has been demonstrated in Cuceria-YSZ anodes, only a limited amount of work has been performed with alternative electrolytes that could allow for operation at lower temperatures (12) . In the present study we have extended previous investigations with SDC electrolytes to ScSZ and LSGM electrolytes. As in past work, the anode was again a composite of Cu, ceria, and the electrolyte. The performance and electrochemical characteristics of these cells while operating on both H 2 and C 4 H 10 fuels at 973 K are reported.
Experimental
The ScSZ (9mol%Sc 2 O 3 ) powder was prepared using a co-precipitation technique (12) For SDC and LSGM, the bilayer was prepared by simply pressing powders of the electrolyte materials (11) . Some of the SDC or LSGM powder was mixed with controlled amounts of graphite pore formers in acetone and pressed; then, a layer of the pure SDC or LSGM powder was distributed over the initial wafer and pressed again to form a green body. This green body was heated in air to 1673 K for SDC and 1723 K for LSGM. For the ScSZ cells, the bilayer was produced using a dual tape-casting method, with one tape containing graphite and polymethyl methacrylate (PMMA) pore formers, that has been described elsewhere (12) . The tapes were calcined at 1723 K for 4 h. Microstructures of the cells were observed using a JEOL6400 scanning electron microscope (SEM). The cell dimensions, determined from the SEM micrographs, are listed in Table 1 . Table 1 .
For electrical connections, we used a Pt mesh and Pt paste (Engelhard, A4338) for the cathode and a Au mesh with Au ink (Engelhard, A3360) for the anode. The single cells were then attached to an alumina-support tube using a high-temperature ceramic cement (Aremco; Ceramabond 571).
Dry H 2 and C 4 H 10 were fed to the anode at a flow rate of 20 ml/min, while the cathode was exposed to air. Both the performance (I-V) curves and impedance spectra were measured using a computer-controlled Solartron 1287 electrochemical interface and a Solartron 1250 frequency response analyzer. Impedance spectra were carried out in a frequency domain from 0.01 Hz to 65 kHz over a range of current densities, starting from the open-circuit voltage (OCV), although the measurements reported here were all obtained at a current density of 0.2 A/cm 2 .
Results and Discussion
The It must be noted that the data in Fig. 1 were taken after conditioning each of the cells in dry n-butane for 20 min. For the SDC-based cell, this conditioning had no effect on the V-I curves; however, this conditioning resulted in a significant increase in the performance curves for the cells based on ScSZ and LSGM. As discussed in a recent paper on YSZ-based cells (13) , exposure of the anode to dry hydrocarbons results in the deposition of tar that enhances the electronic conductivity in the anode when there is insufficient Cu. In the case of the SDC cell, this enhanced conductivity may not be necessary due to the electronic conductivity of the SDC itself under reducing conditions.
In the case of the cells based on LSGM and ScSZ, this enhancement was crucial for obtaining high performance with relatively low Cu contents.
Each of the three cells with the Cu-ceria based anodes showed stable performance in dry n-butane at 973 K, and the V-I performance curves for this fuel are shown in Fig.   2 . Again, higher OCVs were observed with the cells based on LSGM and ScSZ than were observed with SDC cell due to mixed conductivity of the SDC. Given that the Nernst potential for n-butane at standard conditions should be 1.1 V, even the potentials for the LSGM and ScSZ cells are low. As suggested elsewhere, the low potential is probably due to the complexity of the reaction (26 electrons), which likely requires multiple steps, allowing equilibrium to be established with surface intermediates other than CO 2 and water (8). The maximum power densities for the cells based on SDC and ScSZ were surprisingly similar, 0.18 and 0.15 W/cm 2 , respectively. It is interesting to notice that this is also very similar to the power densities observed with the related, YSZ-based cells (13) . The maximum power density for the LSGM cell was significantly lower, approximately 0.09 W/cm 2 .
To gain insights into the factors that limit performance in these three cells, the impedance spectra in Figs. 3 and 4 were measured. Fig. 3 shows Cole-Cole Plots of the cells based on SDC, LSGM, and ScSZ in H 2 at 973 K, at a current density of 0.2 A/cm 2 .
The ohmic resistances, R r , measured from the high-frequency intercepts with the real axis, are due primarily to contributions from the electrolyte. The total cell resistances, R t , are determined from the low-frequency intercept and should be equal to the slope of the V-I curves at the current density of the measurement. For the three cells that were studied, R r and R t were 0.44 and 0.55 ·cm 2 for the SDC cell, 0.88 and 1.4 ·cm 2 for the LSGM cell, and 0.44 and 1.3 ·cm 2 for the ScSZ cell.
These values for R r and R t lead to several interesting implications. First, while the R r for the SDC and ScSZ cells are perhaps slightly higher than one would expect based on the conductivities of these materials and the thickness of the electrolytes, the ohmic resistance of the LSGM cell is much higher than would be expected, suggesting that some of the ohmic resistance must be from the electrodes. This is probably due to the low porosity of the LSGM anode and the small amount of Cu that could be added to this cell.
Second, the impedance due to the electrodes is significantly smaller on the SDC cell than on the LSGM or ScSZ cells. This is probably due to the expanded three-phase boundaries resulting from the mixed-conductivity of the SDC.
The analogous results for the three cells in n-butane are shown in Fig. 4 , again at a current density of 0.2 A/cm 2 . As expected, the ohmic resistances determined from these impedance spectra are essentially the same as those determined using H 2 as the fuel. The major change comes in the size of the non-ohmic component associated with the electrodes. The total cell resistances in n-butane were 1.05 ·cm 2 for the SDC cell, 2.0 ·cm 2 for the LSGM cell, and 1.4 ·cm 2 for the ScSZ cell. While the increase in R t over that observed in H 2 was small for the ScSZ cell, probably due to artifacts associated with the highly nonlinear shape of the V-I curve, the total resistance of the SDC and LSGM cells increased by 0.6 ·cm 2 . While changes in electrolyte thickness and improvements in the microstructure of the electrodes is likely to decrease the overall cell impedances, this resistance is likely associated with activation of the hydrocarbon fuel. Lowering this value will require improvements in the catalytic properties of the anode.
When these results are compared to published data on similar YSZ-based cells (13), it appears that the electrode resistances in n-butane are lower, at least in the SDC and LSGM cells. Since each of the cells had a similar pore structure and each had similar
Cu and ceria contents, we suggest that differences between the YSZ-based cells and the SDC-and LSGM-based cells may be due to increased mobility of oxygen ions within the electrolyte matrix in the anodes. There is internal evidence for this in the impedance spectra. The increased resistance in going from H 2 to n-butane in each of the cells is clearly associated with low-frequency arcs in the impedance spectra. Low-frequency processes are almost certainly due to diffusion, probably of oxygen ions within the electrolyte matrix in the anode. Given that these frequencies are quite different for the various electrolyte materials, one should expect the composition and structure of the electrolyte to affect performance.
The results in this paper suggest that significant improvements in anode performance can be achieved through the use of alternative electrolyte materials with the anodes of direct-utilization SOFC. We are presently working to identify the experimental factors that can provide these improvements.
Summary
Alternative electrolyte materials show great promise for use in the anodes of SOFC that directly utilize hydrocarbon fuels. The improved ionic conductivity appears to improve anode performance through improved ionic conductivity within the anode.
However, to utilize this intrinsic advantage, it is necessary to obtain the proper microstructure within the anode material. 
